Abstract-This paper presents a short term (< 1 hour) in situ global horizontal irradiance (GHI) forecasting method without the use of external weather data. This forecasting method is based on the relative temporal shift (time lag) of measured GHI, or GHI-fluctuations time series of pairs of photovoltaic (PV) systems that are influenced by the same cloud(system) sequentially. Additionally, in combination with measured weather data an estimation of cloud height can be made. The cloud height can prove useful when whole sky cloud images are interpreted for forecasting purposes.
I. INTRODUCTION
Variability in Global Horizontal Irradiation GHI(t) and hence photovoltaic (PV) power output P (t) can be mainly distinguished into two components: diurnal (predictable) variability and intermittence due to cloud shading. Any form of shade leads to a drop in power output. The Global Horizontal Irradiance fluctuation is defined as the change in global horizontal irradiation during a given time period, the measurement resolution Δt, see equation 1:
When multiple PV systems are located such that they are influenced by the same cloud or cloud system within a given time period it is possible to infer the cloud transit speed from the time lag of subsequent shading and hence the drop in PV power output at the given PV-system locations (see Fig. 1 ). This paper shows a novel approach to determine this time lag based on pairwise comparison of GHI(t) and ΔGHI(t) of different PV systems and a straight-forward algorithm for using this time lag for GHI-and thus PV output forecasting.
II. METHODOLOGY
A collection of 177 small scale (< 5 kWp) residential rooftop PV systems in the Province of Utrecht, the Netherlands, were monitored for the validation of the proposed method. This is an extension of the measurement network that was used previously, see [1] . Wi-Fi connected high-precision commercial power measurement sensors were used, see [2] for details. These sensors are connected to the AC-side of the inverter and register the active power at 2 s. interval with a measurement resolution of approx. 0.7 W. The GHI(t) is determined through P (t) measurement and an PV inverse system model. The details of this inverse PV system model will not be discussed here, as the method presented can be used for generic (power) fluctuation or Ramp Rate time series. Examples in this paper are based on two rooftop PV systems in the city of Utrecht, at a spatial separation of Δx i,j = 3.22 km.
A. Inter-system Time Lag
The time lag is determined as the minimum in the difference between either the GHI or the ΔGHI of system i and system j where T k is the k-th observation window; 
The minimum of the indicator functions
, as a function of the relative shift δt will be used as the desired time lag τ i,j (k), respectively τ Δ i,j (k), see eqns. 4. The assumption is that both locations will be influenced by more or less the same cloud, assuming constant wind speed, -direction and cloud shape. See Section IV. for a discussion on these assumptions. Thus for each observation window T k , there is assumed to be a shift of δt at which the absolute difference of the irradiance fluctuations of the location i and the shifted irradiation fluctuations j is minimal. When a cloud moves over location i and e.g. two minutes later over location j, the GHI signature will be visible as a dip in the GHI(t) (Fig. 2 (a) ), and as a succession of a dip and a spike in the ΔGHI(t)-graphs of both locations (Fig. 2(c) ). When the two ΔGHI(t) graphs are shifted relative to each other with a time difference δt, the value of Y i,j (δt, k) will show a minimal value when the shift δt is equal to the time lag of the moving cloud between the two locations τ i,j (k), see eqns. 3.
Only minima that differ sufficiently from the mean value of Y (Δ) i,j (δt, k) (thick line in Fig. 2(b and d) ) should be interpreted as an overlap in ΔGHI i (t) and ΔGHI j (t−τ i,j (k)). A straightforward measure would be the relative difference Q (Δ) τi,j (k) between the mean and the minimum, see eq. 5:
A "good" minimum is then characterized by a Q τi,j (k) > 0.5, i.e. when the global minimum is clearly distinguished from other local minima.
Because the GHI(t)-data is constructed through the inverse PV-model, it is highly sensitive to correct normalization and absence of shading from chimneys, trees etc. Most important for a minimum in the absolute difference between the shifted time series, Y , is that the cloud induced disturbances in GHI (i,j) (t) are similar in shape. It is assumed that there is only minor change in the shape of the cloud(system) within the observation window T k . The use of GHI fluctuations, ΔGHI (i,j) (t), produces more distinct features and is less susceptible to offset in normalization of the GHI. The found time lag τ (Δ) i,j (k) can nevertheless be used for shifting the GHI (j) (t) time series when forecasting is concerned, see subsection III-A.
III. RESULTS AND ANALYSIS
In Figure 3 , the found time lag τ i,j (k) for all the observation windows T k between 8:15 and 13:45 are shown. The value of τ (Δ) i,j (15) is visible as the minimum in the graph in Fig. 2 and (d). Note that during the period from k = 14 till k = 18, the time lag is fairly constant at τ i,j (k) ≈ 2.33 min. The high values of τ i,j (k) in e.g. T 3 and T 26 can be attributed to (topographical) shading and start-up behavior of the inverters of the two PV-systems leading to poorly defined time lag. Another example is τ i,j (12), which is accompanied by a low Q τi,j (k) because of less distinct clouds.
A. Irradiance Forecasting
Assuming that the locations are situated relatively close (i.e. within the decorrelation length scale, [1] , [3] ) and that the locations are sequentially influenced by the same cloud(system) a combination of the GHI j (t − τ i,j (k)) at each peripheral location j can be used to estimate the near-future irradiation on a target location i. Although this method is sensitive to the determination of the GHI, a large enough number of peripheral locations, N , should give the correct value for the forecast at the target location GHI i (t):
This process is depicted in Fig. 4 . The forecast horizon within future window T F = T (k+1) can only be taken as large as the lowest found τ * i,j * (k) = min (τ i,j (k), j), because a value of t beyond this horizon would be in the future for that system j * and is obviously not recorded yet. For this reason, the peripheral systems should not be chosen too close to the target system i in order to avoid a too small forecast horizon. The balance between "too close" and "too far away", as well as the total number of peripheral locations N , is a matter of optimization. Typically the forecast horizon for the locations studied on this day (12 th of January 2014) was <10 min. Note that τ (Δ) i,j (k) can be found either from GHI(t) or ΔGHI(t) data. An example of the result of the forecasting algorithm (with manually chosen peripheral locations j) is illustrated in Fig. 5 . A (visual) comparison shows the agreement of the forecast (bold line) and the actual development (solid line) of GHI(t) of the target location, and further measures to quantify the forecasting quality will be given in further research. Note that this result is obtained with data that should be normalized more precisely. 
B. Cloud height estimation
Another example of how the method presented in this paper relates to the wind velocity that can be determined from the known quantity Δx i,j and the determined quantity τ i,j . To reconstruct the wind velocity from the observed time lag, one must be aware of the fact that the time lag is proportional to 1/ cos θ with θ the angle between the assumed wind velocity vector u w and the inter-system distance vector Δx i,j . When the distance vector Δx i,j between two locations i and j is perpendicular to the velocity vector of the moving cloud, both locations will register a ΔGHI-event simultaneously. In this case, the graphs will overlap and the indicator function Y nearby weather station, [4] ) and the assumption that the wind direction on ground levelû w is equal to the direction at cloud heightû(z), we can derive a crude estimate of the cloud height, based on the following equations 7-9:
